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ABST CT

tql
Single crystals of GaASxPl_ x were successfully grown in an open-

tube epitaxial vapor growth system. Interactions of photons with phonons

in the alloy crystals were investigated by means of reflectlvity and

transmission measurements in the infrared spectral region.

Crystals were grown in an H2 atmosphere on GaAs seeds, using

PC13, AsC13, and Ga as source materials. These crystals were found to

be low in carrier concentration, consistently below 1015 cm-3 (electrons)

at room temperature, and to be free of any gross inhomogeneity in the

distribution of constituent atoms.

Reflectivity spectra of GaASxPl_ x were taken at 300 OK in the

spectral region of 220 to 500 cm-1. Two Reststrahlen modes whose fre-

quencies were close to those of TO(r) phonons in GaAs and GaP,

respectively, were detected in the alloy. The absence of the GaAs-like

mode in the Gap-rich samples is in good agreement with the theory given

by Dawber and Elliott. Absorption spectra in GaASxPl_ x were taken at

300 °K in the region of 400 to 800 cm-1. A superposition of the two-

phonon bands characteristic of GaAs and GaP was observed in the alloy.

The energies of several GaAs and Gap phonons in the alloy were cal-

culated, based on Johnson's assignment schemes, as a function of com-

position. An absorption band, which is identified as the "summation"
-1

band of the two TO(r) phonons in the alloy, was found near 610 cm

in the GaAs-rich samples. The existence of such a band suggests that

interaction between As _d P atoms in the lattice is significant.

The superposition of bands characteristic of GaAs and Gap in the

two-phonon absorption spectra of the alloys is attributed to the presence

of microscopic clustering of the minority constituent associated with

the random atomic distribution. The Reststrahlen band spectra of these

alloys are explained by a model in which the presence of two resonant

modes is attributed mainly to the vibration of As and P atoms against

Oa atoms in the lattice as the first nearest neighbors. The frequency

shifts of these modes in the alloy are fitted by a parameter representing

the interaction between As and P atoms as second nearest neighbor__

- ill - SEL-.65-092
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This is a virtual crystal model in that average parabolic potentials are

given to the three species of atoms in the lattice. Good agreement is

obtained between the data and the theoretical calculations. The model

thus demonstrates that it is incorrect to interpret the results in this

work by the assumption of gross inhomogeneity in the distribution of

constituent atoms in the alloy.
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SYMBOLS

c speed of light

d. polarization vector of photon
J

e electron charge

f polarization vector of phonon

h Planck's constant

h/2_

k Boltzmann's constant (used in the thermal energy kT)

k extinction coefficient

crystal momentum and wave vector of phonon

jthk. wave vector of phonon of the branch
J

k wave vector of photon
o

kTo wave vector of TO(F) phonon

m mas s

n index of refraction

complex index of refraction

n(_j .th
) occupation number of phonon of the j branch

n electron concentration
o

r ratio of flow rates

t time

u, _, U atomic displacement and its first and second derivatives
with respect to time

w relative atomic displacement

x mole fraction of As in the alloy

CV specific heat per gram atom at constant volume

CVj Cv of the jth phonon mode

electric field vector
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SYMBOLS (Cont)

Elo c crystal local field

EL longitudinal polarization field

F, F force constant and its value at x = 0
O

H magnetic field vector

K compressibility

K_l, I_:_2 wavelength of characteristic X-ray radiation

1 1
L (_,_,½) point in the Brillouin zone

LA longitudinal acoustical phonon

IX) longitudinal optical phonon

MR reduced mass

P polarization

PL longitudinal polarization

R reflectivity

T temperature

TA transverse acoustical phonon

TO transverse optical phonon

V, /xV volume of one gram atom and its incremental change

W (1,½,0) point in the Brillouin zone

X (1,0,0) point in the Brillouin zone

_g energy gap

_;p phonon energy

thickness of sample

transmittance
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I. INTRODUCTION

The determination of the vibrational spectra of disordered systems

is a problem of considerable current interest and is one that has attracted

many workers in the past few years. Dean [Ref. 1] applied mathematical

techniques to obtain quantitatively accurate results for the spectra of

disordered diatomic chains. However, a complete theory of three-

dimensional disordered systems is yet to be developed. The alternative

approach is to study such systems by the experimental method. Results

of this nature were reported by Oswald [Ref. 2] on the infrared lattice

absorption spectra of InASxPl_x, and by Braunstein [Ref. 3] on Si-Ge

alloys. The former gave only a brief survey of the problem which was

carried out in a narrow region of the radiation spectra. The latter gave

a detailed analysis of the spectra. Characteristics of Si- _nd Ge-

phonon bands were found in the lattice absorption spectra of the alloy;

such a phenomenon was attributed by Braunstein to the presence of Si

and Ge aggregates in the material. Unfortunately, the first-order

photon-phonon interaction cannot be observed in the Si-Ge alloys due

to tl, e homopolar nature of the material. It is clear that more experi-

mental work is needed in this field.

In the present work the interactions of infrared radiation with

phonons in the GaASxPl_ x alloy system are investigated. This partic-

ular alloy system was chosen for three reasons:

1. Macroscopically homogeneous crystals can be grown by the epitaxial
vapor deposition method,

2. A strong first-order photon-phonon interaction exists in addition
to the weak higher order interactions, and

3. A great deal of interest has been shown in the system's numerous
applications, such as light sources, injection lasers, and the
recently discovered microwave oscillators.

The main purpose of the research described in this report is twofold:

1. To determine the effect of the disorder on the two-phonon absorDtion
bands in the alloy, and

2. To investigate the behavior of the Reststrahlen bands as a function
of alloy composition.

- i - SEL-65-092
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These studies are essential in order to obtain the fundmnental knowledge

of phonon spectra in disordered systems.

One of the important contributions of this work is the development of

a process for growing single crystals of GaASxPl_ x. An open-tube

epitaxial vapor growth system employing halide transport is used. The

process and the properties of crystals are given in Chapter II. A brief

review is given in Chapter III of the existing theories relating to the

single-phonon (first order) and the two-phonon (second order) inter-

actions with infrared radiation. The experimental results are given in

Chapters IV and V: the former is concerned with the Reststrahlen bands

in GaASxPl_ x (single-phonon interaction) and the latter is concerned

with the two-phonon absorption bands in GaASxPl_ x. The findings in

both types of experiments are similar in that the measured spectra give

a superposition of the bands characteristic of GaAs and GaP. The

interpretation of these spectra is given in Chapter VI. The phenomenon

of superposition can be explained without the assumption of gross inhomo-

geneity in the distribution of the constituent atoms; such inhonogeneity

is known to be absent in these crystals. In particular, the spectra of

the Reststrahlen bands in the alloy can be explained by a virtual crystal

model in which average parabolic potentials are given to the three

species of atoms in the lattice. Quantitative calculations based on

this model give results in good agreement with the observed data.

Chapter VII summarizes the results of the present work as a whole.

SEL-65-092 - 2 -

1966009878-017



II. CRYSTAL GROWTH

An open-tube epitaxial vapor growth system was employed to grow single

crystals of GaASxPI_ x. Alloys with x ranging from 0 to 1 were sue-

cessfully grown with excellent reproducibility. Carrier concentration

at room temperature was consistently low, of the order of 1015
_ 3

cm or

less. These crystals were exceedingly homogeneous in compositions, less

than ±0.0025 in Ax. The thickness of the epitaxial layer was typically
2

0.5 mm with an area of 1 cm .

A. DESCRIPTION OF THE SYSTEM

The system was initially developed by Gibbons and Prehn [Ref. 4], and

a detailed description of the equipment is given in their report. The

system was further developed by the author to grow GaASxPl_ x single

crystals with properties appropriate for this study. A sketch of the

system is shown in Fig. 1. Argon or purified hydrogen gas is fed into

= V///////////////////A
@ARGON

L

® VALVE

PCi3

FLOWMETER

I.____._ I

ARGON OR PURIFIED H2

35251

FIG. I. A SKETCH OF THE GaASxPl_ x EPITAXIAL DEPOSITION SYSTI'M.
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the l-in.-inside-diameter quartz reaction tube via three separate metered

lines which can be adjusted to give flow rates of 0 to i00 cc/min. Two

of these lines include bubblers which contain PC1S and AsCI S respec-

tively; a third line provides the bypassing gas which is used to dilute

the halide content as well as to obtain the desired total gas flow. A

high-temperature Marshall furnace with external resistance shunts is used

to obtain an appropriate temperature profile. A carrier boat is inserted

inside the reaction tube with the Ga source placed at one end and the

substrate at the other. And finally, the exhaust gas is burned off at the

exit.

During growth, hydrogen is fed through the system together with the

halides. The chemical reactions are as follows:

At T _ 1000 °C, 4PC13 + 12Ga----e-12GaCl + P4

At T _ 800 °C, 2GaCI + H2 _2HCI + 2Ga

} . (2.1)
4Oa + P4 _4OaP

At T < 600 °C, 3GaC1 _GaC13 + 2Ga

The same type of equation applies to the reaction involving AsC13.

Notice the byproducts of this process are GaC13 and excess Ga at the
cold end of the reaction tube.

An auxiliary argon line was added at the r_action tube entrance to

provide a large flow of inert gas when the carrier boat is being pushed

into or withdrawn from the furnace, thus avoiding contamination of both

substrate and Ga from t_e atmosphere. During a long-growth run,

GaC13 continues to deposit in the cold end of the reaction tube. To

avoid clogging the exhaust path of gas flow by this deposition, which

would result in poor and slow growth, it was found necessary to keep the

exit end of the reaction tube free of any obstacles at the start of the

growth run. Installation of this auxiliary argon line had the additional

advantage of a major simplification to the system used by Gibbons and

Prehn [Ref. 41 in that complicated mechanical parts--at the exit end nf

SEL-65-092 - 4 -
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the reaction tube--were no longer needed for loadk_g and unloading the

carrier boat under hydrogen atmosphere.

The second major modification to the system was the design of a new

qua:tz carrier boat, shown in Fig. 2. The substrate was backed by a

plate inclined at an angle of approximately 30 deg from the gas flow.

It was found that neither laying the substrate flat nor standing it up-

right was satisfactory; both arrangements gave epttaxial layers with

wedge-shaped cross sections, which were inconvenient as well as uneco-

nomical for preparing samples with parallel polished surfaces as re-

quired for optical studies.

SUBSTRATE
TO BE LOADED Go TO BE

/AREA 1.5cm x 1.5cm

\_TILTED 30 =
-, #

352q8

FIG. 2. QUARTZ CARRIER BOAT USED IN CRYSTAL GROWTH.

B. GROWTHPREPARATIONS AND PROCEDURES

The reaction tube and the boat were cleaned in aqua regta for a few

hours and then rinsed in distilled water and methanol. Because of the

large difference in the thermal expansion coefficients of quartz and

GaASxPl.x, it was necessary to coat both the boat and the tube with

carbon at the region of growth to avoid cracking of the quartz during

the cooling stage as we_l as to ensure easy removal of residual material

deposited on the boat. The coating on the inside of the tube was ob-

tained by thermal decomposition of methane gas at 1000 °C, and the boat

was smoked with carbon by holding it over a Bunsen burner.

- 5 - 8EL--65-092
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The bubble, s and other glassware were cleaned successively in HC1,

distilled water, and methanol. Before filling the bubblers with PC13

and AsC13, precautions were taken to remove all the residual methanol

to prevent reaction with the halides. The halides used in the process

were reagent grade materials purchased from Baker and Adamson.

Gallium of seven 9's purity, obtained from the Eagle-Picher Company,

was used exclusively. The metallic gallium as received was first loaded

into a small quartz boat and etched in hot (60 °C) HC1 to remove all

Ga203 from the surface, and then rinsed in distilled water and methanol.

The boat, together with the cleaned gallium, was stored under methm_ol

until ready for use. The substrates were slices of boat-grown GaAs

obtained from the Monsanto Chemical Company. These slices were

oriented to have (111) s,rf,ces. The (m)A and (n:)B surfaces were

identified by observing the shape of the etch pits following a 3-min

etch in a solution of 1 part HF, 1 part H202, and 2 to 4 parts of

H20 [Ref. 5]. The etch pits on the (lll)B surface are triangle shaped.

For substrate preparation, the slices were cut to approximately 1 cm2 in

size, lapped with #3200 grit abrasive, etched (in a solution of 9 parts

HNO3 , 1 part HF, and 10 parts H20 ) for 2 minutes and then rinsed
in distilled water and methanol. The slices were then stored under

methanol until ready for use.

After the furnace was heated to the proper temperature, the bubblers

were filled with halides and installed into the system together with

proper temperature baths; thcy were subsequently purged with argon gas.

The reaction tube was also purged with argon to preserve the carbon

coating. With the auxiliary line of argon wide open, the gallium boat

and the substrate were loadud onto the carrier boat, which was placed at

the entrance of the reaction tube and then quickly pushed into position

in the furnace. All the argon lines were shut at this moment, and

Baker and Adamson Chemical Company, Phillipsburg, N.J.

Eagle-Picher Company, Cincinnati, Ohio.

Monsanto Chemical Company, St. Louis, Missouri.

SEL-65-092 - 6 -
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purified hydrogen was directed into the system. Three flowmeters sh)wn

in Fig. 1 were then carefully adjusted to the desired flow rates. _he

exhaust gas was burned off at the exit.

After the predetermined growth time, the furnace was turneo off, the

bubblers were shut off, and argon gas was used to drive ou_ all the

residual hydrogen from the reaction tube. The carrier boat was then

pulled slowly from the hot zone of the furnace under a heavy argon flow

from the auxiliary argon line.

C. GROWTH CONDITIONS AND RESULTS

I. Temperature Profile

The Marshall furnace was adjusted with external shunt resistors

to provide the temperature profile shown in Fig. 3. The gallium boat was

located at 950 °C with zero temperature gradient, an:ithe s1:bstrate was

located in the region ranging from 800 to 82_ °C with a temperature

gradient of 16 °C/cm.

I I I
5 IO 15

DISTANCE INTO REACTION TUBE (in.)

36249

FXG. 3. TEMPERATURE PROFILE OF THE FURNACE.
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2. Calculated Composition

Figure 4 gives the vapor pressure of PC13 and AsCI 3 vs

temperature [Ref. 6]. It is noticed that, at a given temperature, PC13

has a vapor pressure ten times larger than that of AsC13. It was

found necessary to operate the former at a lower temperature for good

flexibility in control; 0 and 25 OC were chosen to be the temperatures

of the baths for the two halides. At these temperatures, the vapor

pressure of PC13 is 34 mm of Hg and that of AsC13 is 10.4 mm of

Hg. By assuming that the hydrogen gas carries with it the saturated

amount of halides in vapor form, these vapor pressures correspond to the
-6 -6

transport of 1.98 × 10 and 0.56 × 10 moles of halide per cc of H2

respectively. The calculated composition of arsenic, based solely on

the ratio of the flow rates through the halides, is given as follows:

1 (2.2)
x = 1 + 0.283 r '

where r is the ratio of the flow rate through the AsC13 bubbler

(at 25 Oc) to that through the PC13 bubbler (at 0 °C).

3. Growth Results

A total of 29 separate crystal deposits was made during this

investigation. The earlier runs were made to obtain the proper tem-

perature profile; to achieve the optimum flow rates of H2 through the

halides, as well as the total flow rate; to study the dependence of the

growth rate on the crystal orientations; and to optimize other growth

conditions. The results of the final eight runs, which are summarized

in Table 1, are discussed in detail below.

a. The calculated composition is based on Eq. (2.2). The true

composition was determined from X-ray diffraction data and Yegard's law

[Ref. 7]. Figure 5 gives the relation between the calculated and the

e_perimentally determined compositions. It is seen that, at the low

phosphorous concentration end, the deviation from the calculation is

large; this is believed to be caused by the diffusion of PC13 vapor

into the system at low flow rates. This problem was solved by using a

SEL-65-092 - 8 -
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-60 -40 -20 0 20 40 60 80
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35253

FIG, 4. VAPOR PRESSURE OF AsC13 AND PC13 VS TEMPERATURE.
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FIG. 5. EVALUATION OF COMPOSITION OF THE ALLOY.

mixture of PC13 and AsC13, instead of pure PC13, in one of the

bubblers to reduce the vapor pressure of PC13 to such a value that

adequate flow rate could again ue applied. The improvement Is clea*ty

indicated in runs 28 and 29, where the calculated composition is obtained

by assuming that the partial pressure of PC13 is equal to the mole

fraction of PC13 times the vapor pressure of the pure substance

(Henry's law [Ref. 8] with 7 = 1).

b. The optimum flow rates were determined experimentally. It

was found that a total transport of 5 × 10 -5 to 9 X 10 -5 mole/mtn of

halides and that a total flow of 120 to 150 cc/min of H2 were best
for the l-in. ID reaction tube.
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1966009878-026



c. The growth rate on the (lll)A surface of GaAs was not only

smoother but also faster than that on the (lll)B surface; the ratio

was 4 to 1. The opposite was reported by Gibbons and Prehn [Ref. 4].

These observations can be best appreciated by the pictures presented

in Fig. 6. The two epitaxial layers were grown in a single run with

the substrate standing parallel to the flow of gas so that both surfaces

were under the same growth conditions. The best result was obtained

with a growth rate of 1.2 _/min or 0.5 mm in seven hours on the (lll)A

surface of GaAs.

d. Alloy crystals with x ranging from 0 to 1 were success-

fully grown within a very narrow temperature region, from 800 to 825 °C.

The inclined position of the substrate in the growth zone with a tem-

perature gradient of 16 °C/cm resulted in at least a 10 °C difference

between the leading and the trailing edges of the substrate along the

length of the tube. However, the X-ray diffraction and the band-edge

absorption (see Section D) showed that there was no composition gradient

across the grown crystal. It is clear that the composition is entirely

determined by the ratio of hydrogen flow rates through the halides and is

not sensitive to the temperature at which the crystal is grown. Thus

the growth process is extremely reproducible. Furthermore, it is

possible to achieve fast growth with a very steep temperature gradient

without affecting the homogeneity of the alloy crystal.

e. The phosphorus-rich epitaxial layers were usually cleaved

along the (110) directions [Ref. 9] as a result of lapping on the

substrates. Etching was used to remove the GaAs substrate from the

epitaxial layer for compositions up to 65 percent arsenic. The etchant

was a mixture of 1 part HNO3 and 1 part HF. For alloys of more than

65 percent arsenic in composition, the substrates were removed by lap-

ping. No cleavage in the epitaxial layer was found since the mismatch

in lattice constant at the interface between GaAs and the GaAs-rich

layer was not serious.
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. a. Thickness of epitaxial layers (gray
" regions) on the (lll)-oriented GaAs

_ _ substrate. Crystal grown on the A
surface is shown on the right side;

" that on the B surface, the left side.

J

• c. CrystaI grown on (lll)B
_- surface of GaAs

FIG. 6. APPEARANCE OF CRYSTALS AFTER GROWTH.
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D. MEASUREMENTS

The following measurements were made to determine the homogeneity in

the composition and the free carrier concentration of the epitaxially

grown alloy crystals.

1. X-ray Diffraction Measurement

The alloy crystals were known to be single crystals by the sur-

face appearance as well as the perfect cleaved edges in the (110) direc-

tions [Ref. 9]. The lattice constant and the homogeneity of the crystals

were determined from X-ray diffraction patterns of powdered samples. A

GE XRD-1 spectrometer was used in the study. Silicon powder was mixed

with the sample powder as the reference material. Cu _Z_1 radiation

gave a Si (440) line at 2e B = 106.72 deg and a Si (531) line at

20 B = 114.12 deg [Ref. 10], where e B is the Bragg angle. The (531)

line of the alloy crystal was located between the two Si lines. The

accuracy of measurement in the lattice constant was ±2.5 × 10 -4 _, and

that of the composition x was ±0.1 percent. A typical X-ray diffrac-

tion pattern is shown in Fig. 7, in which all three diffraction lines

are plotted. Notice that the Cu K_1 and K_ 2 lines are resolved at

10

8 (n .-

)-

_ U

w

I I , I _v I I I I0 ,,115 114 115 109 I08 107 106
2 x BRAGGANGLE (deg)

352q7

FIG.7. X-RAYDIFFCZIONPATTEOFPOWDERZDSA,,
(GlIAS0.946P0.054 + Sl).
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these high Bragg angles. By comparing the width of the diffraction lines

from the alloy and from silicon, it was concluded that the material

grown was exte,lely homogeneous. By studying the samples obtained from

different portions of a given alloy crystal, it was found that the com-

position varied no more than ±0.25 percent.

2. Band-Edge Absorption

For semiconductors with the conduction band minimum at k _ 0

in the Brillouin zone, the absorption coefficient of the indirect band-

edge transition _ obeys the following relation [Ref. 11]:

[ 12](by- _ -_p)2 (h_,- _g+_p 3)
:const1-e,p(-_p/kT)+ exp(_p/kT) (2.

for hv _ _g + _p, where _g is the band gap, _p is the energy of the
phon:m involved in the transition, and hv is the energy of the incident

photon. The first term of Eq. (2.3) is contributed by phonon emission

and the second_ by phonon absorption. The former _rops out for hv < _ +g

_p; finally the latter drops out for hv < _g - _p and _ becomes±
zero from there on. A plot of 5 2 vs h_ gives a straight line for

hv _ _g + _p_ [Ref. 11]. Measurements of the band-edge absorption were
made at 300 OK on the phosphorus-rich samples which were known to have

!

indirect energy gaps; and a typical result of 5 2 vs hv is given

in Fig. 8 for a sample of 67.5 percent of phosphorus. A slope of
-1 -1

140 cm ev is obtained from the straight-line portion of the curve;

this result is comparable to the value reported for pure GaP at 300 oK

[Ref. 12]. This is additional evidence of the homogeneity of the crystals

grown by this process.

3. Investigation of Carrier Concentration

A simple way of investigating the carrier concentration is by

observing the free carrier absorption in the near-infrared region; such

absorption cannot be tolerated, for it will override the lattice absorp-

tion in the multiphonon absorption region and it will also cause a shift

in the structure of the Reststrahlen band [Ref. 13]. It is clear that
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FIG. 8. SQUARE ROOT OF ABSORPTION COEFFICIENT VS PHOTON ENERGY AT

BAND EDGE OF GaAs0. 325P0.675"

the criterion is the absence of free carrier absorption at 300 °K

rather than a certain upper limit of the carrier concentration, although

the two are quite related [Ref. 13]. Transmission data of these alloy

crystals in the wavelength reg:_on of 1_ to 12_ gave absolutely flat

characteristics, indicating that there was no appreciable absorption.

Hall measurements were made by others [Ref. 14] on similar

materials. The results on undoped GaP crystals showed that the resis-

tivity was of the order of 600 ohm-cm N-type, that the electron mobility

was greater than 150 cm2/volt-sec, and that the electron concentration

n was therefore less than 1014 cm-3 The electron concentration of
o

undoped GaAs crystals was found to be lower than 1015 -3C_ ,
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III, INTERACTION OF PHONONS WITH PHOTONS

A number of techniques utilizing the interaction of phonons with

external radiation can be used to detect the phonon spectrum of a

crystalline solid. These interactions are interesting in their own

right in that they depend on the intrinsic properties of the crystal.

The simultaneous requirements for conservation of energy and momentum in

any photon-phonon interaction place a severe limit on the types of inter-

action that are possible. Phonon energies are usually less than 0.1 ev

and their wavelengths usually less than 10 _; photons of similar energies

lie in the infrared region, whereas those of comparable momentum lie in

the X-ray region of the radiation spectrum. For this r_ason, the most

useful technique in determining the phonon spectrum does not depend on

photon-phonon interactions but on inelastic scattering of thermal neutrons,

since such neutrons have energies and momenta comparable with those of

phonons. The entire phonon spectrum can be determined from neutron

scattering techniques. However, the interaction of photons with phonons

in the infrared region remains a very important means for studying the

phonon spectrum, particularly when neutron scattering data are not

readily accessible. Such interaction also provides information about

the intrinsic properties of the crystal. With the development of high-

resolution infrared spectroscopy and high-purlty semiconductors, such

interactions have been measured in sufficient detail to yield useful

information.

The interactions can be separated into two major processes:

(i) single-phonon interaction, that is, the excitation of the transverse

optical phonons of zero wave vector ill polar crystals; and (2) multi-

phonon interaction, that is, the excitation of two or more phonons of

any wave vector provided momentum is conserved. Both of these processes

occur in the infrared region of the spectrum. This chapter is concerned

with existing theories related to the above two types of interactions

in ordered solids, particularly in semiconductors of zinc blende struc-

ture. Similar interactions will be investigated in the alloy system

GaASxPl_ x in subsequent chapters.
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A. PHONON SPECTRUM

The term "phonon" has been created as an analog to the name "photon"

to emphasize the slmilarlties between both the classical and quantum-

mechanical theories of sound and llght waves. A phonon is a normal mode

of vibration of the crystal and is defined as an elgenstate of momentum

represented by a travellng plane wave of wave vector k In the crystal.

For a crystal containing N unlt cells, there are N possible momentum

elgenstates distributed evenly throughout the first Brlllouln zone in

such a way that the number of eigenstates along a certain direction in

the zone is equal to the number of unit cells along that particular

direction in the crystal. Crystals of zinc blende structure, to which

GaAs and GaP belong, contain two atoms in each unit cell. The crysta.

has a total of 6N degrees of freedom of vibration; this means that for

each value of k In the zone there are slx associated energy eigenstates.

In terms of the three-dimenslonal Brlllouln zone, these energy elgen-

states form slx phonon dispersion surfaces. The cross sections of these

surfaces of GaAs [Ref. 15] are shown as branches in Fig. 9 at various

crystal momentum directions [including r(O,O,O), X(1,O,O), L(_,_,½),l1

and W(1,½,0)]. Of these six branches, three approach zero as _ goes

L I_ X W

300F To a 35

t- ! _30

._ I00 _ !' ' Io' I
(½.1.½) (o,o,m o,o,o) (_,½_)

CRYSTAL MOMENTUM

35252

FIG. 9. PHONON SPECTRUM OF G_As (CALCULATED BY

JO}L_SON AND COCHRAN, REF. 15).
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to (0,0,0), while the other three approach finite energy values. The

former are called acoustical branc_?q and consist of two transverse

(_) and one longitudinal (LA _ modes; the latter are called optical

branches and also consist of two transverse (TO) and one longitudinal

(LO) modes. Both the TA m_d the TO modes are generally degenerate.

Furthermore, in the case of zinc blende crystals, the LO and the

TO modes are separated at both r and X with the result that the

entire LO branch moves to higher energies; the frequency of the LO(r)

phonon (LO phonon at the r point), _LO' is larger than that of the

TO(r) phonon, _TO' ns shown in Fig. 9. This is due to the longitudinal

polarization field EL = -4_ L (where PL is the longitudinal polari-

zation), which is induced by the LO mode and which adds an additional

harmonic restoring force to the LO mode. The corresponding transverse

polarization field is absent. This longitudinal polariza*ion comes about

by the charge transfer between the two atoms in the unit cell resulting

in a linear electric moment in the cell. Since this linear moment is

absent in crystals having the diamond structure, the lattice vihrations

make no contributions to the dielectric constant and therefore

%o= ro"

B. SINGLE-PHONON INTERACTION

In order for interaction between photons and phonons to occur, the

following three requirements must be satisfied:

1. Conservation of momentum between the initial and final states.

2. Conservation of energy between these states.

3. A coupling mechanism between radiation field and vibrational modes.

As mentioned in Section A, there is a charge transfer between the

two atoms in the unit cell of a zinc blende crystal. A linear electric

moment thus exists which gives rise to a first-order dipole transit!on

resulting in the absorption (or emission) of photons by phonons. As

for the conservation of momentum and energy, the following are required:

% and = w,,ere ando wj are respectively _he
frequencies and wave vectors of the photons and phonons of the jth

branch. The selection rule is _u(_j)= ±1, where n(_j)is the
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.th
occupation number of the j branch of the phonon spectrum at k.. In

J

the dipole transition, the first-order matrix elements involve the factor

dj07 [Ref. 16], where dj is the polarization vector of the phonon in
brm_ch j and _ is that of the photon. Therefore, the coupling matrix

will only yield nonzero values for the TO phonons. In addition, since

photons of these frequencies have essentially zero wave vectors, only

the TO(P) phonons are involved in the photon absorption (or emission)

process. Thus _j = _TO and kj = kTo = 0, where kTo is the wave
vector of the TO(r) phonon. This process is shown in Fig. 10.

To sum up, the absorption of photons by TO(P) phonons (called funda-

mental absorption) is a strong first-order process; thus the absorption
-1

coefficient is large and of the order of 104 cm or more for GaAs

[Ref. 17]. Furthermore, since the wavelength of radiation is very large

compared with the size of a unit cell, a classical approach is possible

and the _robl_m can be considered as a resonant interaction between radi-

ation and damped electric oscillator [Ref. 18] as shown in the appendix.

I1 ( kTo ) "t"1

Wo _TO

Cuo--cuTO

-Or

ko kTo
.. ,.,

0 ==KTO==0
3525q

FIG. 10. CONSERVATIONOF ENERGY AND MOMENTUMOF THE
FIRST-C_.DER PHOTON-.PHONONINTERACTION.
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C. MULTIPHONON INTERACTION

Interactions between a photon and two or more phonons can take place

as second or higher order processes. In the two-phonon process, the

energy and momentum conservations are satisfied by having _ = _. ±
o 3 J'

and k = k ± k where j and j' are the two branches of the
o j j''

phonon spectrum. In the case of the photon absorption the plus sign

signifies the creation of a phonon and the minus sign indicates the

annihilation of a phonon.

Two coupling mechanisms of interaction have been proposed. The first--

arising from the second-order electric moment in the crystal--was intro-

duced as the major mechanism in diamond-type semiconductors [Lax and

Burstein, Ref. 19]. In this scheme of interaction one phonon induces a

change in effective charge on neighboring atoms, which are then displaced

by a second phonon to produce an electric moment which in turn interacts

with the radiation (see Fig. ii).

The second one [Kleinman, Ref. 20] was introduced as the major

mechanism in zinc blende gallium phosphide. The essential point of the

theory is that a TO(P) phonon is created by the radiation field as an

intermediate state, and then the TO(P) phonon scatters into two phonons

under the perturbing influence of the cubic anharmonic terms in the

crystal potential. The momentum conservation is satisfied throughout

the process, that is, between initial and intermediate states and between

intermediate and final states; on the other hand, energy conservation is

required only between the initial and final states. This scheme of

interaction is depicted in Fig. 12.

The latter mechanism is not applicable to diamond-type crystals due

to the absence of a first-order electric moment; however, both mechanlsms

can be applied to zinc blende crystals, although the latter are believed

to be dominant on account of the much larger absorption. Clearly, from

either mechanism the absorption of photons is strong whenever the com-

bined density of states of phonons is high, provided the selection rule

does not forbid such interactions. Thus it is expected that most struc-

tures in the absorption spectra will be related to phonons near the

Brillouln zone boundaries, where d_/dk i = 0 (with i being an arbitrary
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a. Summation process b. Difference process

FIG. ii. CONSERVATION OF ENERGY AND MOMENTUM OF THE SECOND-ORDER
PHOTON-PHONON INTERACTIONS DUE TO SECOND-ORDER ELECTRIC MOMENT.

direction) for most branches (surfaces) in the zone. As for the

selection rules, they depend strongly on the symmetry of the crystal

and it is possible to deduce them at the critical points from space

group symmetry [Ref. 21].

Since the matrix elements of either mechanism do not change signifl-

cantly with temperature, the temperature dependence of the absorption

process is then entlrely contributed by the changes in the occupation

number n(_j), which is given at thermal equillbrlum by the well-known
Bose-Einsteln equation:

I[_(kj)

n(_j)= expL kT -i (3.11
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a. Summation process b. Difference process

FIG. 12. CONSERVATION OF ENERGYAND MOMENTUMOF THE SECOND-ORDER
PHOTON-PHONONINTERACTIONS DUE TO ANHARMONICCOUPLING.

In the case where two phonons are created simultaneously by the radiation

(summation process), the temperature dependence of the absorption is

f(T)= [Z+n(_j)][l+n(_j,)]- n(_j)n()j,), (3.')

which is essentially proportional to the difference between the stimulated

absorption and the stimulated emission. In the case where one phonon is

created and the other is destroyed (difference process), the dependence is

f(T) : [i + n(_j)] n(_j,) - n(_j)[l + n(_j,)] . (3.3)
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It is important to recognize that these interactions are of second

order and that the absorption strength is weak compared to that described

in Section B. Since the phonons involved are near zone boundaries, the

vibrational wave]engths are of the order of one lattice constant, so that

they are extremely small compared to those of phonons near the zone

center. By studying the multiphonon absorption spectra of a disordered

system such as those in GaASxPl_ x alloy crystals, it may thus be pos-

sible to deduce some basic knowledge relating to the nature of disorder

(or order) in the microscopic sense.
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IV. EXPERIMENTAL STUDY OF RESTSTRAHLEN BA/_DS___IN GaASxPl_ x

A. INTRODUCTION

The experimental work described in this chapter is concerned with

first-order photon-phonon interactions in GaASxPl_ x. Because of the

high absorption coefficient for this process, detection through trans-

mission measurement would require extremely thin samples of the order

of 1 micron, which are very difficult to prepare. The alternative would

be to measure the reflectivity spectra in the infrared region. In terms

of the optical constants n (the refractive index) and k (the extinction

coefficient), the reflectivity R has the value [Ref. 22]

R (n-l)2 k2= (4.1)

(n T �k2

for normal incidence. The corresponding value of the absorption coeffi-

cient G for this process is given from electromagnetic theory [Ref. 22]

as

(42)

where k is the wavelength. It is thus seen that as _ approaches a

ver[ large number, approximately 104 cm -I [Ref. 17], the value of k

will be so large that R approaches unity. This region of nearly total

reflection is generally referred to as the Reststrahlen band. The detailed

shape of this band in ionic crystals can be treated classically as shown

in the appendix, where the frequency of the TO phonon involved in such

a transition is shown to be located at resonant frequency w0.

Reflectlvlty measurements were carried out on all the samples of

GaAsxPl_ x grown by the method given in Chapter II. The experimental

results showed that the TO(P) phonons of GaAs and GaP exist simul-

taneously in the alloy with very little shift in frequency. To the

author's knowledge, this new phenomenon has not been previously reported

by workers in this field.
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B. EXPERIMENTAL PROCEDURE

i. Sample Preparation

Samples with different compositions were grown by the epitaxial

vapor growth method. The GaP substrates of these samples were removed

from the epitaxial layer by the technique described in Section II.C.3.

They were then lapped on both sides with abrasives of successively

smaller grit size, the final lapping being done with #3200 grit. A

mechanical polishing followed until mirror finish surfaces were obtained;

the finished samples had dimensions of approximately 1 cm 2 in area and

15 mils in thickness.

2. Apparatus

Preliminary data were obtained with _n optical system consisting

of a globar light source, a Leiss single mr':_chromator with a CsBr

prism and mirror optics, a Reeder RP-3W th_mopil_ detector with a

diamond window, and a phase-sensltlve electronic amp)_ier. The essential

features of the spectra were obtained on this system. However, the

sensitivity of the system was very poor in the spectral region above

30_ due to the weak source intensity and a significant amount of stray

light. The final data were obtained through the cooperation of

Professor W. G. Spitzer of the University of Southern California on his

infrared spectrometer. This equipment was built around a Perkin-Elmer

model 210 filter-grating monochromator covering the range from 7_ to

45_ with four interchangeable gratings whose flrst-order blaze wavelengths

were 7.5_, 22.5_, 30_, and 45_. Multilayer long-wavelength pass filters

were used to confine the c_eratlon of the gratings to the first order.

The incidence angle on the sample, which was located at the exlt-sllt

side of the monochromator, was 9.5 deg. Precautions were taken to

minimize the effects of scattered light and water vapor absorption.

3. Reflectivlty Measurements

Data were taken point by point in the spectral region from 20_

to 45_ using gratings of 30_ and 45_ blaze wavelengths. A method of

sample-in and sample-out was used to minimize t' error due to changes

in the environment. Samples of 67.5 and 17.7 percent phosphorus showed

interference at the shorter wavelength region which was believed to be
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due to reflection from the back surfaces (also polished) and to the

absence of free carrier absorption at these wavelengths. However, such

intereference disappeared near and throughout the Reststrahlen bands of

these samples and data were thus obtained in the region of interest

without interference effects. All data were taken at 300 °K.

C. EXPERIMENTAL RESULTS

Reflectivity spectra were taken on GaASxPl_ x samples of various

compositions. The accuracy of the wave number readings was less than
-1 -1

0.5 cm , while the resolution was better than 1 em . In Figs. 13a to

13h the reflectivity values are plotted against the wave numbers in

cm-1 (defined as 104/_, where _ is the wavelength in microns)

Figure 13a is for pure GaAs, Monsanto boat grown, N-type with

n = 5 × 1015 -3cm ; Figs. 13b to 13f are for samples of 5.4, 17.7, 35,o

48, and 67.5 percent phosphorus respectively_ all grown by the technique

described in Chapter II; Fig. 13g is for a sample of 82 percent phosphorus,

Merck* grown, N-type with no = 1.69 × 1015 -3cm ; and finally Fig. 13h

is for pure GaP, obtained from the data of Kleinm_ and Spitzer

[Ref. 23] for reference purposes.

The samples of 48 and 67.5 percent phosphorus consisted of several

pieces of small crystals, and the discontinuity in the reflectivity
-1

spectra near 280 cm was due to a change in gratings at this wave number.

It is seen, from the reflectivity spectrum of pure GaAs presented in

Fig. 13a, that the shape of spectra at the maximum is comparable to the

data reported by Iwasa et al [Ref. 17] and that the method of surface

preparation described in Section B of this chapter is therefore satis-

factory.

The ma._ feature of these data is that two reflectivity maxima

were observed in the GaASxPl_ x alloys; one of these is close to the

Reststrahlen beu._d of pure GaP, while the other is close to that of

pure GaAs. One obvious conclusion is that the TO(r) phonons of GaAs

and GaP do not merge but exist independently in this alloy system.

i i i

_Merck and Company, Rahway, N.J.
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The values of these two resonance frequencies are plotted in Fig. 14 as

a function of composition and are also given in Table 2. The frequencies

are chosen at the points where the reflectivity maxima begin to decrease

on the smaller wave-number side (see appendix), when the shapes of the

maxima are square-topped (as is the case for nearly all the GaP-like

bands and the GaAs-like bands with x larger than 0.9). The shapes of

the maxima for the GaAs-like bands with x less than 0.9 are generally

peaked. The frequencies under this condition are chosen at the maximum

values. The minima of the reflectivity spectra in the region of the

GaAs-like bands tend to shift toward longer wavelength as the mole frac-

tion of arsenic decreases; however, there is very little shift in the

Reststrahlen frequency.
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FIG. 14. RESTSTRAHLEN FREQUENCIES OF GaASxPl_ x AS A FUNCTION
OF COMPOSITION.
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TABLE 2. MEASURED RESTSTRAHLEN FREQUENCIES

OF GaASxPI_ x

Composition _TO of GaP _TO of GaAs

p)

0 -- 268

5.4 341 268

17.7 342 269

35 345 270

48 349 271

67.5 355 --

82 360 --

I00 366 _ --

From Ref. 23.

D. DISCUSSION

The experimental finding that the TO(P) phonons of the constituent

materials do not merge into each other but exist simultaneously in the

alloy is observed for the first time in this field. Several alloy

systems have been studied by others, but opposite results have been

reported. For example, Oswald [Ref. 2] studied the Reststrahlen band of

InA_xPl_ x and observed that the band shifted continuously from that of

InP to that of InAs and was very insensitive to changes of composition

in the range from 100 to 20 percent phosphorus. It is felt that the only

reason he did not discover a second maximum in the reflectivity spectra

is that he had terminated the investigation at 35_, althoug11 the band of

InAs is known to be located at about 45_ [Ref. 9]. Transmission data

by Potter [Ref. 24] on GaASxSbl_ x thin films formed by evaporation

showed only one absorption peak; however, the crystalline nature of the

film was by no means comparable to the single-crystal bulk material

used in this work.
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I. Theoretical Model

The presence of two reflectivity maxima in the alloy clearly

indicates that the classical treatment of interaction of radiation with

a single harmonic oscillator is no longer valid. A theoretical treatment

is given in Chapter VI to explain how the two eigenfrequencles come

about. The experimental results can be fitted excellently with three

constants, namely, the force constants of Ga-As, Ga-P bonds as the

first nearest neighbors, and that of As-P bond as the second nearest

neighbors. This fit is shown by the dashed curves in Fig. 14.

2. Localized Modes

The GaP-like band appears throughout the entire alloy system.

As the mole fraction of phosphorus decreases, this band shifts toward

smaller wave number and decreases in strength. The GaAs-like band

appears only in alloys containing less than 48 percent phosphorus, and

its strength also decreases as the mole fraction of As decreases. If

the band of the minority constituent is indeed due to the excitation of

its vibrational mode in the host lattice of the majority constituent,

then the present experimental results agree with the theoretical pre-

diction of Dawber and Elliott [Ref. 25] that only a lighter mass defect

(phosphorus in this case) in a heavier host lattice (GaAs-rich lattice

in this case) gives certain localized modes appearing with frequencies

above the range of unperturbed modes. This phenomenon is clearly indi-

cated by comparing the spectra of 17.7 and 82 percent phosphorus, since

they are symmetrically located in composition with respect to x = 0.50.

It is thus concluded that the nature of the resonance vibration in an

alloy such as GaASxPl_ x is (1) in the _orm of a TO phonon of zero

wave vector for the majority constituent (i.e., a point of the dispersion

spectrum in the Brillouin zone), and (2) in the form of a localized

mode when that constituent becomes the minority one (presumably a band

in the Brillouin zone of the other constituent).

3. "Summation" Band

The sum of the two Reststrahlen frequencies is also given in
._ m 1

Fig. 14. It appears near 610 cm for x greater than 0.50. It is

felt that radiation may interact with the crystal in such a manner that
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a photon at this frequency is absorbe_i and the two Reststrahlen modes

are excited simultanecLsly. Momentum conservation of such an inter-

action is automatically satisfied since it is satisfied in each separate

mode. There is no obvious reason why the matrix element for such a

transition should be zero. The strength of this matrix element should

be in the order of that of a two-phonon absorption process and should

decrease as the mole fraction of phosphorus decreases. This conclusion

is based on the assumption that the density of states of the localized

modes is proportional to the number of the minority atoms present. It

is thus expected that such transitions may be present as an absorption
-I

peak in the two-phonon absorption spectra near 610 cm . This is indeed

so, as will become apparent in Chapter V.
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V. EXPERIMENTALSTUDYOFABSORPTIONSPECTRAOFTWO-PHONONSUMMATION

BANDSIN OaAS.xPl_x

A. INTRODUCTION

The experimental work described in this chapter is concerned with

second-order photon-phonon interactions in GaASxPl_ x, Only those

absorption bands resulting from the creation of two phonons by the radi-

ation, generally referred to as two-phonon summation bands, were investi-

gated. Such data from GaP and GaAs have been observed by others

[Pefs. 23, 26]. The reported absorption coefficient of this process is
-1

of the order of 10 to 100 cm , which makes it possible to study the

interactions by the transmission of infrared light through samples of

appropriate thickness. The transmittance _ for normal incidence obeys

the relation [Ref. 23]:

(I_R) 2 e -Gz

= i - R2 e-':_:z_ ' (5.1)

where _ is the thickness of the sample. These bands occur in a region

immediately above the Reststrahlen band in wave number; thus to evaluate

from 9, reflectivity values at the various wave numbers are needed.

Transmittance measurements were carried out on GaASxPl_ x samples

of various compositions. The absorption coefficients were calculated

by means of Eq. (5.1) from the transmittance data and from the reflec-

tivity data reported in Chapter IV. In the absorption spectra of the

alloys, a superposition of the two-phonon bands of the pure materials,

GaP and GaAs, was observed. This effect indicates that the equiv-

alent modes of the two materials do not merge into each other in the

alloy series. The "summation" band suggested in Section IV.D was also
-1

observed and it indeed occurred in the vicinity of 610 cm .

B. EXPERIMENTAL PROCEDURE

I. Sample Preparation

Samples prepared according to Section IV.B were used. The dimen-

sions of the samples were adequate for the transmittance measurements.

SEL-65-092 - 36 -

1966009878-051



Above all, since there was practically no free carrier absorption in the

spectral region of interest, the absorption spectra of the two-phonon

summation bands were revealed without interference.

2. Apparatus and Measurement

The apparatus used for these measurements was a Beckman IR-9

spectrophotomoter containing a prism-grating monochromator capable of

operating in between 2.5_ and 25_. This equipment could be used either

in the single-beam or the double-beam mode. The latter mode was used
-1

in our experiments and the resolution was better than 0.5 cm The

system was purged with dry nitrogen during operation to reduce the effect

of background absorption. The transmittance was measured in the region
-1

of 400 to 800 cm (25_ to 12.5_). Although some of the GaAs two-

phonon bands fall below this region in wave number, it was possible to

obtain the essential features of the spectra of the alloy crystals in

this region. All data were taken at 300 °K.

C. EXPERIMENTAL RESULTS

Absorption spectra of GaASxPl_ x of various compositions are given

in Fig. 15. Figures 15a to 15g are for samples of 100, 85, 67.5, 48,

35, 17.7, and 5.4 percent phosphorus respectively. These samples were

all grown epitaxially by the method described in Chapter II. Figure 15h

1015 -3is for pure GaAs, Monsanto boat grown, N-type with n = 5 × cm .o

Spectra of both GaAs and GaP are plotted in Figs. 15b to 15g for

comparison.

The GaAs and GaP data compare favorably with the results of

Cochran et al Jn GaAs [Ref. 26] and with those of K1einman and S_itzer

on GaP [Ref. 23]. These authors have given the phonon assignment

schemes to the spectra with five phonon energies in each case, the two-

phonon bands were identified by their temperature dependence as described

in Section III.C. Johnson [Ref. 21] gave alternate assignment schemes

to these spectra from a critical point analysis based on the space

group symmetry. The assignment schemes are shown in Figs. 15a and 15h,

with those by Johnson presented in the brackets. As can be seen, the

- 37 - SRL-65-092

1966009878-052



a. GaP. Phonon assignment schemes by Kleinman and
8pitzer [Ref. 23] and by Johnson [Her. 21] are
given, with the latter show. inside the brackets.
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agreement between these schemes on a given material is poor; however,

it is believed that Johnson's assignments are sounder because they

have included consideration of the physical properties of crystal.

The sample of 5.4 percent phosphorus was subject to an annealing at

1169 °C for 72 hours. The purpose of this experiment was to investi-

ga+e the effect of the diffusion of arsenic and phosphorus atoms within

the lattice at an elevated temperature on the two-phonon absorption

spectra. The experiment was carried out in a sealed evacuated ampoule

with added arsenic and phosphorus to prevent the dissociation of the

sample. No change in the two-phonon absorption spectra was observed.

In particular, the shape and the position of the absorption peak at
"'l

706.5 cm were unaffected by the annealing treatment. It is thus

believed that the crystals grown at 800 °C by the epitaxial method do

not contain gross inhomogeneltles in the distributions of arsenic and

phosphorus atoms within the lattice. The absorption spectra would be

affected otherwise.

The major feature of the absorption spectra of OaAsxPl_ x is that

it is possible t_ trace the energies of the two-phonon bands of GaAs

and GaP in the alloy as a function of composition; this is sho_ in

Fig. 16 where the assignments of phonons are indicateJ. In other words,

a superposition of the two-phonon bands in the pure materials is

observed in the alloy. Such a result is not too surprising since the

phonons involved in these interactions are expected to be of very short

wr_velength in vibration and hence sensitive to the local distribution

of arsenic and phosphorus atoms. The phenomenon of the supcrposition

of bands in alloy can therefore be attributed to the microscopic

clustering of either As or P atoms at the group V sites in the zinc

blende structure due to statistical distribution. This will be dis-

cussed further in Chapter VI.

D. DISCUSSION

-1
I. 604 cm Band in GaP

-I
A band at 604 cm was observed by Kleinman and Spitzer [Ref. 23J

in GaP which was gro_ by the reaction of gallium with 9hosphorus at

an , Jvated temperature under a pressure of 20 atoms. Tills band was
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FIG. 16, TWO-PHONONBANDS OF GaAsxPl_ x AS A _U_CTION
OF COMPOSITION. JohnsonVs assignment schemes for

, GaAs and GaP [Ref. 21] are given in brackets.

not included in their phonon assignment scheme and was attributed to

the molecular vibrations of an unidentified impurity. In _he present

investigation the same band was observed in a sample whlch way grown

epttaxtally at 820 °C, In addition, a similar band was f_Jund at 600 cm-1

in an alloy of 85 percent phosphorus; the frequency shttt of this band

in the alloy agrees with that of the other bands of GaP as shown In

Fig. 16. It is possible that the band at 604 cmul in GaP is intrinsic

to Gap and is indeed one of the lattice two-phonon summation bands.

Johnson's assignment has included thls band as the [IX) : LA(L)] mode.

Such an assignment is therefore adequate.
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2. Optical Modes of GaP

The superposition of GaAs and GaP bands in the alloy is
-l

most clearly indicated by the two-phonon bands of GaP near 700 cm .

These are the two-phonon summation bands of various optical phonons as

indicated in Fig. 15a [Refs. 21, 23]. This group of bands continues to

exist throughout the entire composition range, shifting toward smaller

wave number as the phosphorus content decreases. The structure of the

bands is maintained in the sample of 85 percent phosphorus; however,

when the phosphorus content in the alloy is below 67.5 percent, the

structure loses its detail and assumes the form of a broad band. The

integrated absorption f_d_ of these optical modes as a function of the

mole fraction of phosphorus in the alloy is shown in Fig. 17 as a straight

line through the origin. In other words, the photon-phonon interaction

in this spectral region is contributed solely by the GaP-like phonons.

8

m

_,if l

o_
x 4 - _i _

f "1tI I I I
-0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTIONOF P

FIG. 17. INTEGRATED INTENSITY f_d_ VS COMPOSITION

OF GaASxPl_ x. (Spectral region of 660 to 800 cm-l.)
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The assignment scheme by Kleinman and Spitzer no longer holds in

the 85-percent-phosphorus sample because the energy shifts of these

bands in the alloy from the pure GaP va)ues are such that the middle

peak, TO+IX) (731 cm-l), no longer bisects the outer two peaks, 2TO
-i

and 2LO (738 and 716 cm ), on the wave number scale. On the other hand,

Johnson's assignment still holds since the bands are designated as [2TO(L)]

(738cm-l),[2TO(r)](731cm-l),and [2TO(X)](716cm-1).

3. "Summation" Band
-i

In Chapter IV it was suggested that a band near 610 cm might

exist in the two-phonon absorption spectra of GaASxPl_ x due to the

simultaneous excitation of two Reststrahlen modes by the radiation.

Such a band was indeed observed in the spectra shown in Figs. 15d to 15g

in samples with arsenic content larger than 0.50. (This is the same

composition region where reflectivlty spectra show two maxima.) Its

absorption strength is equivalent to that of a two-phonon process, and

indeed decreases as the mole fraction of phosphorus decreases. This

"summation" band arises from the interaction of radiation with both

constituents simultaneously. However, the major part of the spectra of

the alloy is due to a combination of interactions with the individual

constituents.

4. Superposltion of Bands and Phonon Energies

The superpositlon of bands of the pure materials in the alloy is
-i

most clearly indicated by the optical modes of GaP near 700 cm ,

since this group of bands is located in the spectral region in which
-i

GaAs is completely transparent. It is noticed that a band at 706.5 cm

is distinctly detectable in the sample of only 5.4 percent phosphorus.

The superposition of bands is also observed in the energy shifts
-i -i

of the 525 cm [2TO(L)] band of GaAs and the 560 cm [2LA(L)]

band of GaP. The fact that these bands are nearly at the same energy

at a composition of 17.7 percent phosphorus is believed to be accidental

since the nature of the bands is different as indicated by the phonon

assignments. At a composition of 67.5 percent phosphorus, a plateau is

formed on the spectra so that the bands are well separated and are of

approximately the same intensity in absorption. At 85 percent phosphorus,
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the Grip band becomes very dominant and has the shape of pure GaP,
-1

while the GaAs-like band forms a weak absorption peak at 534 cm .

As indicated in Fig. 16, the two-phonon bands of GaP shift toward

smaller wav_ number, while those of GaAs shift toward larger wave

number as a small percentage of the minority constituent is added.

Some o_ the two-phonon bands cannot be traced from the spectra of the

alloy; this is particularly true for the bands of GaAs since the

intensity of the GaP bands is inherently stronger than that of the

GaAs bands. On the other hand, a number of the GaP bands appear in

a spectral region in which GaAs is completely transparent and there-

fore they are easy to be traced. The phonon energies are given in

Table 3 and are plotted in Fig. 18 as a function of composition. The

assignment schemes are those of Johnson [Ref. 21].

TABLE 3. PHONON ENERGIES OF GaASxPl. x OBTAINED FROM
THE ABSORPTION SPECTRA

Phonon Energies (cm-I)

Phonon Composition (_ P)

100 (GAP) 85 67.5 48 35 17.7 5.4 0 (G s)

TO 377.5 369 363 358 356 355 353.3

IX) 329.5 321.5
L

LA 280 278.5 274 269.5 266.5 265

TA 68.5 71 77 82 84 84 84

TO 360.5 358

IX) 309 300
X

LA 265 273

TA 117.5 120

TO 267 265 263.5 263.5 265 264 262.5

L IX) 238 237.5

LA 206 206.5

TO 257.5 255.5 256

X If) 240 240

LA 222 220
, ,,,,
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VI. INTERPRETATION OF THE SPECTRA

A. INTRODUCTION

In the course of studying the nature of the electronic properties

in the binary alloys of semiconductors, continuous and single-valued

variations as a function of the composition have been observed by a

number of workers. Specific examples are the shifts in the energy gaps

of G sxPl_ x [Ref.  i-Ce alloys [Ref. 28], and other tbermo-
t

dynamically mixable alloys. Similar variation has also been observed

in the GaASxPl_ x band structure within a few electron volts of the

band gap [Ref. 29]. The variation of the lattice constant in the alloy

is of the same nature [Ref. 7]. However, the experimental results of

this work, as well as those on Si-Ge alloys by Braunstein [Ref. 3],

indicate that the vibrational modes of each constituent exist indepen-

dently and do not form a continuous and single-valued variation for a

particular mode. Although it was mentioned in Chapter III that the most

powerful method for studying the phonon spectra is by inelastic thermal

neutron scattering, it is through the interaction of these modes with

the infrared radiation that many important findings are revealed.

The phonon spectrum of a disordered system is sensitive to the

distribution of different species of atoms. In the case of GaASxPl_x,

the gallium atoms are always located in one of the two face-centered

cubic sublattices and hence no disorder is involved in this sublattice.

The arsenic and phosphorus atoms are located in the other sublattice.

It is important to emphasize that the following experimental findings

show that the distribution of the group V atoms is macroscopically

homogeneous:

I. A well-deflned energy gap as shown by the band-edge absorption
measurement.

2. A well-deflned lattice constant as shown by the X-ray measurement.

3. The invariance of the two-phonon absorption bands to the annealing
treatment.

4. A well-defined frequency shift of the Reststrahlen bands in the

alloy.
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In addition, recent results on the Gunn effect on GaASxPl_ x [Ref. 30]

show that the transport properties of free carriers in these crystals

are similar to those in the ordered crystals such as GaAs. Any in-

homogeneities in the distribution of the group V atoms in the alloy

are thus expected to be microscopic, involving at most a few unit cells

in dimension. The experimental results should be interpreted in the

light of these considerations.

B. QUALITATIVE INTERPRETATIONS

The findings are similar in both the Reststrahlen band and the two-

phonon band experiments on GaASxPl_ x in that the modes of each con-

stituent exist independently in the alloy. The phonons involved in the

two-phonon process are located near the boundaries of the Brillouin

zone. The large wave vectors of these phonons indicate that their

vibrational wavelengths are extremely short and are of the order of one

lattice constant. Although it was emphasized in Section A that there

are no gross inhomogeneities in the distribution of the group V elements

in the alloyed crystals, microscopic clustering of the minority constit-

uent can still exist through the random distribution of constituent

atoms in the lattice. The clustering size of only a few unit cells is

large enough to support the vibrational modes investigated in the two-

phonon absorption spectra. It should be recognized that the interactions

of radiation are not limited to just those with the phonons of the

individual constituent. The identification of the "summation" band
-1

near 610 cm , described in Section V.D, shows that the interaction

between As and P atoms is significant in the lattice. This inter-

action supports the concept that the clustering of the minority constit-

uent in the alloy is only microscopic and is a result of the statistical

fluctuation in the atomic distribution.

So far as the TO phonons near the zone center are concernedt their

wavelengths are much larger than a lattice constant. This is one of

the properties that make the first-order photon-phonon interaction possible.

However, the vibrational frequency, and hence the phonon energy, is deter-

mined by the relative motion of one face-centered cubic sublattice

against the other in crystals having diamond or zinc blende structure.
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The atomic motion in one unit cell is typical of the whole crystal, and

therefore can be considered to be localized; this is why the TO branch

is nearly flat in the phonon spectrum of GaAs. It is thus not sur-

prising to have detected two resonant modes in the reflectivity spectra

of the alloys. These represent, in the first-order approximation, the

vibrational mode_ of randomly distributed P and As atoms against

ordered Ga atoms in the lattice.

C. GRUNEISEN RELATION

A well-defined mean lattice constant was found for each of the

alloyed crystals to an accuracy of ±0.0005 _. The variation of lattice

constant vs composition of the alloy follows Vegard's law [Ref. 7]. In

the case of GaAs, the lattice is contracted when a portion of the As

atoms is replaced randomly by P atoms. If a small portion of As

atoms is replaced, the lattice is mainly occupied by the Ga-As bonds.

Therefore, it is reasonable to assume that the phonons of GaAs in

GaASxPl_ x with x _ 1 should behave like the same phonons in the pure

GaAs under compression. By the same token, the phonons of GaP in

GaASxPl_ x with x _ 0 should behave like the same phonons in the pure

GaP under tension. Thus the energies of these phonons should, to a

first-order approximation, obey GrUneisen's law [Ref. 31] which states

that

KCV
% =7Gr- , (6.1.)

where _Gr = the Gr_neisen constant given by the relation

-  VTV (e.2)

= volume expansion coefficientv

K = compressibility

V = volume of one gram atom
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Cv = specific heat per gram atom at constant volume

co = phonon frequency in the solid
P

In the case of GaP [Refs. 32, 33],

c£ = 15.9 × 10 -6 deg -1
V

-1 3 -1
V = 4.13 cm gm

-1 -1

CV = 0.124 cal gm deg
-12 -2

K = 0.77 × 10 dyne cm

From Eq. (6.1) it is calculated that 7Gr = 0.97, and from Eq. (6.2)

A_0
_VP

-0.97 -- = -0.108(1-x) for x _ 0 (6.3)co Y
P

In the case of GaAs [Ref. 33],

-6 -1
O_ = 17.1 × 10 deg

V

-1 3 -1
V = 5.32 cm gm

-1 -1
Cv = 0,086 cal gm deg

K = 1.34 x 10-12 dyne cm-2

so that /Gr = 0.675 and

/XCO
_V ~__£ = 0.675 = 0.073x for x = 1 (6.4)-_-

P

The value of 7Gr given here is the average value over all the

phonon modes in the crystal according to the following relation

[Ref. 34]"
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3N

7jCv j

j=l (6.5)7Gr = 3N

_. Cvj
j=l

_th
where 7j and CVj are respectively the Gr_neisen constan_ of _he j

mode and the heat capacity of the same mode at the temperature of obser-

vation. The observed values of the Gr_neisen constants for various

modes are given in Table 4. It is noticed that the 7j of the TO(F)
and TO(L) modes of both GaP and GaAs agree well with the values

given by Eqs. (6.3) and (6.4). However, the energy shift of the TA(L),

TA(X), and LA(L) modes of GaP is opposite to the relation given in

Eq. (6.3); this indicates that a negative GrUneisen constant is called

for. Negative GrUneisen constants of the acoustical modes for Ge were

observed by Fritzsche and Teimann [Ref. 35]; those for Si-Ge alloys

were observed by Braunstein [Ref. 3] and were later pointed out by

TABLE 4. GR'_ISEN CONSTANTS FOR PHONONS IN
GaP AND G_s

Phonon 7j[GaP 7Gr = 0.97] 7j[GaAs 7Gr = 0.675]
m ...... = ,,

r TO 0.82 0.20

L TO 1.35 0.40

LO 1.45 0.30

IA 0.32 0

TA -2.20
m

X TO O. 25 O. 30

IX) 1.75 0

LA -I .80 0

TA -1.27
• m , - ==
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Daniels [Ref. 34]. The similarity of the frequency variation of the

acoustical modes with respect to the change in lattice constant between

the homopolar and the III-V compound semiconductors is indeed reasonable

[Ref. 34].

It should be pointed out that the OrUneisen relation is applied to

the majority constituents only at the extreme values of x. Interactions

between As and P atoms are expected to be significant in treating

the general behavior of these phonons over the entire range of composi-

tion.

D. RESTSTRAHLEN FREQUENCIES

In this section the frequencies of the TO(T) phonons in GaASxPl_ x

are calculated over the entire range of composition. These p_rticular

modes are chosen because the atomic motions are known to be the vibra-

tions of the randomly distributed As and P atoms in one face-centered

cubic sublattice against the Ga atoms in the other suhlattice.

Furthermore, since the wavelength of radiation with which these phonons

interact is much larger than the dimensi_n of the statistical fluctuation

in the distribution of the constituent atoms, average potentials can

then be assigned to these atoms. The equations of motion for the three

species of atoms ±n the lattice, under a linear-crystal approximation,

are given as follows:

maUa=-_(ua-Uc)- xll(Ua-Ub) (6.6)

mb'ub= -(:(Ub-Uc)- (l-x)ll(Ub-Ua) (6.7)

%uc - -=,',(uc-ub) - (l-=)e(uc-ua), (_.8)

where the subscripts a, b, and c represent P, As, and Ga atoms

respectively, the u i are the displacements, the mi are the masses,

x is the mole fraction of As, _ and _ arc the force constants be-

tween Ga and P and between Ga and As as first nearest neighbors,

and _ is the force constmlt botween As and P as second nearest

neighbors.
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This is a virtual crystal model in that each P (or As) atom is

given a p_gbability of x (or l-x) for having As (or P) as its

second nearest neighbor, and in that each Ga atom is given probabili-

ties _ and l-x for having As and P as its first nearest neigh-

bors respectively. The force constants _ and _ are used to explain

the existence of two modes in the reflectivity spectra, and the force

constant q is used to fit the frequency shifts of these modes in the

a_loy. In addition, let these force constants be represented by F;

then

F =F (l-ex) (6.9)O

where 0 is determined by the Gr_neisen relation; this corresponds to

the change in the binding strength as a result of the change in lattice

constant from that of GaP (5.450 _) to that of GaAs (5.653 _).

From Eq. (6.3) e is found to be 0.216 for pure GaP and this value

is used in the calculations.

The center of gravity of the entire system remains stationary; this

is indicated by the sum of atomic motions in the following equation:

mc_c+_bUb+ (l-x)m:_a= 0 . (6.10)

In the case of sinusoidal vibration, the frequency _ is determined

by the following equation:

2
mc_ -_-xq xqa

(l-xln mbJ - _ - (l-x)n _ = 0 .(6.11)

(1-x)_ x_ m _- (l-x)_- x_
C
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2
One trivial solution is _ = 0, which is equivalent to the expression

given by Eq. (6.10). The remaining part of Eq. (6.11) is a quadratic
2

equation in _ . The following solutions are obtained in the limits of

x = 0 and x = i:

For x = O,

ma m '

co2 =

(6.12b)

For x - 1_

2
w -

+ (1-0) . (6.13b)

Frequencies given by Eqs. (6.12a) and (6.13b) are the Reststrahlgn fre-

quencies of GaP and GaAs respectively; those given by Eqs. (6.]2b)

and (6.13a) are the vibrational frequencies of As and P atoms in

the host lattices of GaP and GaAs respectively. The measured data

in Table 2 can be extrapolated to obtain _ in Eq. (6.13a). Frequencies

corresponding to Sqs. (6.12a), (6.13a), and (6.13b) are used to
-2

determine _o' Go' and _o" The resulting values in gm cm are

_o = 2.86 × 106 ,

Go = 3.32 × 106 ,

_o = 1.72 × 106 .
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-1
The units used here are molegrams for the masses and cm for the fre-

quency. The above force constants are used in Eqs. (6.9) and (6.11) to

obtain the frequencies of vibration as a function of x. The calculated

values are given in Table 5 and are plotted in Fig. 19. The agreement

between the calculated and the measured frequencies is within 2 percent,

which is exceedingly good.

TABLE 5. CALCULATED VALUES OF RESTSTRAHLEN

FREQUENCIES IN GaAsxPl. x AS A
FUNCTION OF COMPOSITION

Composition _TO of GaP _TO of GaAs

(_ P) (cm"I) (cm"I)

0 340 268
2O 345 268
40 349 268
60 354 266.5
80 360 264

100 366 26O
J

The model proposed here, though based on simple first principles, is

physically sound since it takes into account three important points:

1. The fact that the wavelength of the TO(r) phonons is large in
comparison with the dimension of the statistical fluctuation in
the atomic distribution.

2. The effect of change in lattice constant on the binding forces
between nuclei.

3. The interaction of the As and P atoms as second nearest

neighbors.

The force constant _ at the extreme values of x is shared by 12

second nearest neighbors; in other words, it is shared by 12 As-P

bonds. The resulting force constant per bond is much smaller than those

equivalent force constants involving the first nearest neighoors (_

and _ are shared by four neighbors). The relative strength is 1:5,

which is further evidence that the model considsred here is physically

sound.

SEL-65-092 - 66 -

i

1966009878-072



400

_" 350- _-% tU _

"-" ½MEASURED
>.. FREQUENCIES
¢..)
z __. CALCULATED
tu FREQUENCIES

0
tu :500 - _'o=2.86 x 106qrn cm-2

u.. _o=3.32 x 106qrn cm-a

'r/o=1.72 x IOSqm cm-z

2500 _ I I I0.2 0.4 0.6 0.8 1.0

MOLE FRACTION OF P

FIG. 19. CALCULATED RESTSTRAHLEN FREQUENCIES IN GaASxPl_ x.

E. SUMMARY

A great deal of fundamental knowledge--not previously available--

has been obtained which relates to the phonon spectra of GaASxPl_ x

and which can be applied to disordered systems in general. The spectra

have been found to have the following properties:

I. Phonons characteristic of both GaAs and GaP exist near and at
the boundaries of the Brillouln zone. Their existence is due to

the presence of microscopic clustering of the minority constituent
arising from statistical fluctuation in the atomic distribution.

2. TO phonons characteristic of both GaAs and GaP also exist at
the center of the Brillouln zone. Their presence is chiefly due
to the vibrations of As and P atoms against the Ga atoms
as first nearest neighbors. A theoretical model has been proposed

to explain the experimental results and good agreement was obtained.
The interaction between As and P atoms as second nearest

neighbors in the alloy was specifically considered.
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The GrUneisen relation was also applied to the phonon energies

observed in the alloy; and the results can serve as a guide to the

problem of pressure dependence of phonon frequencies in GaAs and

GaP.
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VII. CONCLUDINGRE_ARKS

Although the alloy system of GaASxPl_ x has been specifically
studied in this work, it is believed that the results obtained are typi-

cal of many semiconductor alloys. On this basis the present work can

serve as a check on more detailed theories involving three-dimensional

disorder problems which may be proposed in the future.

The results obtained in this study are summarized in the following

paragraphs.

1. Single crystals of GaASxPl_ x were successfully grown on GaAs

substrates in an open-tube epitaxial vapor growth system. The source

materials were Ga, PC13, and AsC13; and the chemical reactions took

place in a hydrogen atmosphere. The composition of the grown crystal

was found to depend entirely on the mole ratio of PC13 to AsC13

carried into the reaction tube by the hydrogen flow; thus the process

developed in this work is extremely reproducible. Crystals grown by

this process were found to be low in carrier concentration, consistently

below 1015 -3cm (electrons) at room temperature, and to be free of any

gross inhomogeneities in the distribution of the constituent atoms.

2. Reflectivity spectra of GaASxPl_ x were taken at 300 OK in the

region of 220 to 500 cm-1 (0.027 to 0.062 ev). Two Reststrahlen modes

were detected in the alloy such that their frequencies are close to those

of the TO(r) phonons in GaAs and GaP respectively. The absence of

the GaAs-like mode in the GaP-rich samples is in good agreement with

the theory given by Dawber and Elliott [Ref. 25]. Absorption spectra in

GaASxPl_ x were taken at 300 OK in the region of 400 to 800 cm-1 (0.05

to 0.10 ev). A number of two-phonon absorption bands were observed in

these spectra. A superposition of the bands characteristic of GaAs

and GaP was observed in the alloy. This result is similar to that

obtained by Braunstein [Ref. 3] on SI-Ge alloys. The present experi-

mental results supported Johnsonts assignment schemes for the bands in

GaAs and GaP [Ref. 18], and these schemes were therefore used to

calculate the energies of several GaAs and GaP phonons in the alloy
-1

as a function of composition. An absorption band was found near 610 cm

in the GaAs-rich samples and it was identified as the "summation" band
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of the two TO(r) phonons in the alloy. The existence of such a band

suggests that the interaction between As and P atoms in the lattice

is significant.

3. The superPosition of bands characteristic of GaAs and GaP

in the two-phonon absorption spectra of GaASxPl_ x is attributed to

the presence of microscopic clustering of the minority constituent in

the alloy arising from statistical fluctuation in the random atomic

distribution. This explanation is valid since phonons involved in these

interactions have extremely short vibrational wavelengths. The Reststrah-

len band spectra in the alloys are explained by a model in which the

presence of two resonant modes is attributed to the vibrations of both

As and P atoms against Ga atoms in the lattice as the first near-

est neighbors, and the frequency shifts of these modes in the alloy

are fitted by a parameter representing the interactions between As

and P atoms as second nearest neighbors. This is a virtual crystal

model because average parabolic potentials are given to the three

species of atoms in the lattice. This model is Justified since

(i) the distribution of these atoms in the lattice is free of gross in-

homogeneity, and (2) the long wavelength nature of the TO(F) phonons

is involved in their interactions with the radiation. Good agreement

is obtained between the data and the theoretical calculations. The

model thus demonstrates that it is incorrect to interpret the results '

of this work by assuming gross inhomogeneitles in the distribution of

the constituent atoms in the alloy.

\
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APPENDIX A. DISPERSION THEORY

1. Definition of the Optical Constants

Optical constants are used in treating the interactions between the

electromagnetic radiation and matter. These constants are defined by

means of Maxwellts equations:

VXH=_+_E

, (A.I)

-alp

V. H=O

VoE=O

where E and H are the electrlc and magnetic field vectors, _ is the

dielectric constant, _ is the permeability, and _ is the conductivity

of the material. Both ¢ and _ are frequency dependent, and _ = _vac

for most materials of interest. Equation (A.I) can be manipulated to

give

The tlme-harmonic solution of Eq. (A.2) can be written as a plane wave

m

where n is defined as the complex index of refraction. The index of

refraction n and the extinction coefficient k satisfy the relation

= n-ik. Substituting Eq. (A.3) into (A.2) gives
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_2 = c _c- Ic2 i _ _(_)
E E

O O

n = _/_-(_) . (A'.4)

Notice that the newly defined _(_) is complex.

The reflectlvity of matter with normal incidence can be shown to be

n= 12 (n-l)2 + k2= (n+l)2 + k2 . (A.5)

2. Ionic Polarization

The Reststrahlen band in the reflectlvlty spectra of an ionic crystal

is due to the excitation of the resonance mode in the crystal by radi-

ation; such a mode can be described by the relative motion of the cations

and anions in the crystal. We shall consider a simple diatomic chain

composed of atoms of mass m and charge -e and atoms of mass M and

charge +e. The equation of motion of such a system can be written as

MR_= -2Sw+ e_, (A.6)

where w is the relative displacement of the ions, _ is the force

constant between the ions, and MR is the reduced mass of the ion pair.
The time-harmonic solution is

eE

o 1 (A.7)

--N

2
where

_ = 2_/MR. The process described here is for one-dlmensional

systems, but it can be regarded as a good approximation to three=

dimensional ionic crystals.
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The total ionic polarization from such a vibration is

ew
p _--- o--.

fl '

where fl is the volume per molecule. In this simple treatment the local

field in the solid is regarded to be the applied field. The dielectric

constant is found to be

4,___p_(_) = _o i + Sloc/ . (A.S)

After combining various constants, Eq. (A.8) can be rewritten as

E 0 -- E00

_(_) - % + .... _ , (A.9)
1 - (_/_^)2

where c Is the static dielectric constant and _ is the high-frequency
O m

dielectric constant.

The dielectric constant given in Eq. (A.9) is real, since no dissi-

pative force is included in the treatment. This force is introauced in

the following modification to Eq. (A.6),

MRN =-2_w- _ + eE , (&.10)

where 7 is a positive constant with the dimension of frequency; the

additional term represents a force always opposed to the motion. Equa-

tion (A.9) is then modified to be

E o

;(0=% + -% . (A.II)
l- (./_o)si(_/_o)(_/_o)
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3. Reflectivlty Spectra

From Zqs. (A.4), (A.5), and (A.11) it is posslble to plot n, k, and

R as a function of frequency once ¢o' c , and 7 are known. The

shape of the refleCtlvity curve is of interest here and a typi,'_l result

is given in .Pig•20, taken from a paper by Plcus et al [Ref. 36]•

The reflectivity curve for 7 = 0 can be discussed in four separate

regions of frequency:

1. In the region 0 < _ < _0' R increases from its low-frequency

value, [(_o- 1)l(J-'-_o + 1)]2' up to 1,

2. In the region _0 < _ < _, with _ =_/_m _0, ¢(_) is negative;

therefore n is imaginary and R = 1.
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3. Above _1' R decreases sharply to zero at a frequency _m such

%) -that E( = 1 or n = 1. The value of _m is found to be

_o [1 + (%- Co)/(% - l)] 2.
4. Beyond _ R increases from zero to its high-frequency limit ofm t

l)I¢ ,. l)]2.
In the case 7 _ 0 and 7/_ 0 << 1, the _,aJor influence on the

reflectivity spectra will be in the region of the maximum as shown in

Fig. 20. It can also be shown by Eqs. (A.4) and (A.11) that the maximum

of t_ extinction coefficient k occurs at w = _0; in other words, tile

strength of absorption is the strongest at the resonant frequency.

To conclude, it is possible to explain the shape of the reflecti_,lty

spectra from dispersion theory. The resonant frequency is located at

_0 as shown in Fig. 20.
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